A Gram-stain positive, rod-shaped, non-spore-forming strain (WDC04 T ), which may be associated with late gas production in cheese, was isolated from aged Cheddar cheese following incubation on MRS agar (pH 5. T could only utilize one of the 50 substrates tested, ribose, although it does slowly utilize galactose. In the API ZYM system, strain WDC04 T was positive for leucine arylamidase, valine arylamidase, cysteine arylamidase (weakly), naphthol-AS-BIphosphohydrolase and b-galactosidase activities. Total genomic DNA was sequenced from strain WDC04 T using a whole-genome shotgun strategy on a 454 GS Titanium pyrosequencer.
The sequence was assembled into a 1.90 Mbp draft genome consisting of 105 contigs with preliminary genome annotation performed using the RAST algorithm (rast.nmpdr.org). Genome analysis confirmed the pentose phosphate pathway for ribose metabolism as well as galactose, N-acetylglucosamine, and glycerol fermentation pathways. Genomic analysis places strain WDC04 T in the obligately heterofermentative group of lactobacilli and metabolic results confirm this conclusion. Species of the genus Lactobacillus are important taxa in food fermentations and human nutrition, with some species exhibiting probiotic properties (Felis & Dellaglio, 2007) . Lactobacilli associated with milk and fermented dairy products, particularly cheese, are used either as starter cultures deliberately added to produce the product, or found as non-starter lactic acid bacteria (NSLABs), which are advantageous organisms that proliferate during cheese ageing (Banks & Williams, 2004; Crow et al., 2001; Peterson & Marshall, 1990 ). Late gas development in cheese products is a concern in a variety of cheeses during the prolonged ageing period (6-12 months) used to attain desired flavour characteristics (Cocolin et al., 2004) . Such cheese can suffer from splits and slit defects during storage, especially when the storage temperature is elevated to accelerate flavour development. Many organisms have been implicated in late gas development in cheese, including facultative and obligate heterofermentative lactobacilli of the genera Bacillus, Leuconostoc, Propionibacterium and Clostridium (Cocolin et al., 2004) , but causality remains obscure. Results from this study suggest this limitation may in part be due to the fact that standard culturing techniques used in the dairy industry do not detect organisms such as the novel strain WDC04
T .
In the harsh environment of ripening cheese (no residual lactose, low pH, low temperature and high salt concentration), starter bacteria viability declines during storage. At the same time, NSLABs utilize amino acids and bacterial debris
Abbreviation: NSLAB, non-starter lactic acid bacteria.
The GenBank/EMBL/DDBJ accession numbers for the draft genome sequence and 16S rRNA gene sequence of strain WDC04 T are version NZ_AWTT00000000.1 and NZ_AWTT01000084, respectively.
(released nucleic acids, peptidoglycan residues, etc.) to supply their energy needs, and slowly increase in number until they become the predominant microflora in aged cheese (Banks & Williams, 2004; Briggiler-Marcó et al., 2007) . Generally, NSLABs are not homogeneously distributed throughout the cheese matrix. A few strains may dominate in the cheese, but other strains may exist in microniches (Fitzsimons et al., 2001; Broadbent et al., 2003) especially if they are capable of utilizing unique and abundant energy sources such as ribose. This would allow an organism like strain WDC04 T to grow and produce gas in the cheese during ageing.
Strain WDC04
T was isolated during the characterization of bacteria obtained from aged Cheddar cheese that exhibited late gas production. Aged cheese samples were homogenized in 2 % (w/w) sterile sodium citrate using a stomacher, diluted, and plated on MRS agar (Difco) (de Man et al., 1960) . Inoculated plates were incubated anaerobically in GasPaks (Oxoid) at 6 8C for 35 days to select for slow-growing organisms. Colonies that appeared after 21 days of incubation were subcultured in MRS broth containing 0.5 % galactose/0.5 % ribose (pH 5.2 to simulate the cheese environment) for 5 days at 25 8C. Those isolates were subsequently cultured in MRS broth (pH 6.5) supplemented with 1.5 % ribose (MRS-R) and incubated at 23 8C for 48 h. The same media (MRS-R) was used for agar plates, which were incubated anaerobically (Oxoid GasPak) at 25 8C for 4-5 days.
Isolates were Gram-stained as described by Beveridge et al. (2007) and cell morphology was determined with an Olympus model BH2 light microscope at 61000 magnification with cells grown anaerobically on MRS-R agar (pH 5.2) for 5 days at 25 8C. Spore production was determined both by microscopic examination and by testing for growth after heat treatment (80 8C for 10 min). Catalase activity was determined by treating fresh colonies with a 3 % H 2 O 2 solution. Carbohydrate utilization was determined using API 50 CH carbohydrate panels (bioMérieux) in duplicate following the manufacturer's protocol and incubating under identical conditions (25 8C); the panels were read out to 14 days. Additional phenotypic characterization of strain WDC04
T was determined by utilizing API ZYM strips (bioMérieux) run in duplicate under identical conditions according to the manufacturer's instructions. D-Lactic acid and L-lactic acid concentrations were measured using a commercial enzymic test kit (R-Biopharm AG) and a Bio Spec-1601 UV-visible spectrophotometer (Shimadzu). Cells were grown in MRS-R at 25 8C for 48 h then the supernatant was collected by centrifugation at 6000 g. The supernatant was diluted 1 : 10 and 1 : 100 in sterile ddH20 for D-and L-lactic acid measurements, respectively, and assayed in accordance with the manufacturer's instructions. Gas production from potential substrates including glucose, ribose, galactose and N-acetylglucosamine was assessed using inverted Durham tubes in MRS broth (pH 5.2) with incubation at 25 8C for 5 days. Cellular fatty acid profiles were determined with the Microbial Identification System (MIDI). Frozen cell pellets previously grown for 48 h in MRS-R at 25 8C were shipped to MIDI for fatty acid analysis.
T was a Gram-stain-positive, catalase-negative, non-spore-forming rod approximately 1-2 mm in length. Strain WDC04
T grew as short rods, singly, in pairs, or short chains, and grew readily in MRS broth supplemented with 1.5 % ribose (pH 6.5) incubated at 23-25 o C for 48 h. After incubation for both 24 and 48 h, API 50 CH carbohydrate fermentation panels indicated strain WDC04 T could ferment only one of the 50 substrates, ribose. However, gas production tests indicate strain WDC04
T can slowly utilize galactose and N-acetylglucosamine as evidenced by both gas production in the Durham tubes and observable turbidity in the MRS broth. Although API 50 CH panels are used extensively to characterize lactic acid bacteria, there are some limitations with the method (Tamminen et al., 2004; De Vuyst & Vancanneyt, 2007) .
The effect of temperature (6, 12, 20, 25, 30 and 37 8C) on growth was determined using MRS-R broth and incubation for 8 days. Strain WDC04
T grows very slowly at 6 8C and takes 8 days to reach 10 7 c.f.u. ml 21 at 12 8C. Strain WDC04 T grew from 6 8C to 30 8C with an optimum growth temperature of 23-25 8C, and a very long lag phase and limited growth at 37 8C. Growth at pH 4, 5, 6, and 6.5 was determined using MRS-R broth incubated for 3 days. Strain WDC04
T can grow at pH 4 and robustly at the pH range of 5.0 to 6.5. Sodium chloride (NaCl) tolerance was examined after incubation for 3 days in MRS broth plus 1.5 % ribose containing either 0, 1, 2, 3, 4, 5 or 6.5 % (w/w) NaCl. Strain WDC04
T grew well up to a NaCl concentration of 5 % (w/w). Thermotolerance testing revealed strain WDC04
T is sufficiently thermotolerant to survive pasteurization, particularly high temperature short time (HTST) pasteurization (72 8C for 15 s) although a 4-log reduction was noted after cooling. Gas production was observed in MRS broth (pH 5.2) containing galactose and to a lesser extent N-acetylglucosamine, and occurred more rapidly if ribose was also included in the MRS broth. The results of these phenotypic characterizations, which are useful for differentiating strain WDC04
T from closely related species of the genus Lactobacillus with validly published names are provided in Table 1 .
In the API ZYM panel, strain WDC04
T was positive for leucine arylamidase, valine arylamidase, cysteine arylamidase (weakly), naphthol-AS-BI-phosphohydrolase and b-galactosidase. Negative reactions for strain WDC04 T included alkaline phosphatase, esterase (C4), esterase lipase (C8), trypsin, a-chymotrypsin, acid phosphatase, a-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. Table 2 shows a comparison of API ZYM reactions between strain WDC04 T , the closely related Lactobacillus hokkaidonensis LOOC260 T , and a common NSLAB in cheese, Lactobacillus curvatus WSU01. Both isolates from aged cheese, strain WDC04
T and Lactobacillus curvatus WSU01 exhibit fewer positive results. Enzymic assay for D(2) and L(+)-lactate isomers showed strain WDC04
T produced a racemic mixture with a 5 : 1 ratio of Table 3 ). The fatty acid profile is similar, to other species of the genus Lactobacillus, especially Lactobacillus hokkaidonensis, with the exception of C 18 : 1 v11c/v9t/v6t, that is not found in strain WDC04 T (Table 3 ). Some differences are apparent between strain WDC04
T and other related lactobacilli. For example, Lactobacillus vaccinostercus JCM 1716 T contains dimethacetal fatty acids that are not found in the other strains, including WDC04 T , and summed feature 8 (C 18 : 1 v7c/v6c) was found in strain WDC04 T , but not in the other strains.
Initial identification was performed using 16S rRNA gene sequencing and comparison. Genomic DNA was extracted using the MoBio Ultra Clean Microbial DNA extraction kit (cat. no. 12224-50) and the 16S rRNA gene was amplified by PCR with bacteria specific primers 27F and 1429R (Lane, 1991) . Sequencing of the amplicon was performed bidirectionally at the Idaho State Molecular Research Core Facility (Pocatello, ID) and sequences were analysed by BLAST comparison to the GenBank database. A dataset and alignment of comparison sequences was generated with the Ribosomal Database Project (RDP10). The distance-based phylogenetic tree was generated using the neighbour-joining algorithm in the MEGA software package. Tree branches were verified with 100 bootstrap replicates.
Total genomic DNA of strain WDC04
T was isolated using the Masterpure Gram Positive DNA purification kit (Epicenter Biotechnologies). High-throughput whole genome shotgun sequencing was performed at the Utah State University Center for Integrated Biosystems using the Roche 454 GS Titanium pyrosequencer platform. The sequence data were assembled with GS De novo Assembler software into a 1.90 Mbp draft genome consisting of 105 contigs with preliminary genome annotation performed using the RAST algorithm (rast.nmpdr.org). This wholegenome shotgun sequence has been deposited at the DDBJ/EMBL/GenBank database under the accession number NZ_AWTT00000000; the version described in this paper is version NZ_AWTT01000000.
To identify the evolutionary relationship of strain WDC04 T within the order Lactobacillales, a phylogenetic tree was reconstructed based on the method of Makarova et al. (2006) . Briefly, the amino acid sequences of the universally conserved ribosomal subunit proteins were concatenated for each strain and a multiple alignment of the sequences was performed using the MUSCLE program in MEGA software version 5 (http://www.megasoftware.net). A neighbourjoining phylogenetic tree was reconstructed based on Kimura's T (data from this study); 2, Lactobacillus hokkaidonensis LOOC260 T (Tohno et al., 2013) ; 3, Lactobacillus curvatus WSU01 (this study). All strains were positive for leucine arylamidase, valine arylamidase and naphthol-AS-BI-phosphohydrolase activities, but negative for alkaline phosphatase, lipase (C14), trypsin, a-chymotrypsin, b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase activities.
Enzyme 1 2 3 two-parameter model, and the branching values for the consensus tree were calculated from 1000 random bootstrap values (Fig. 1 ).
Utilizing only 16s rRNA gene sequence similarity calculations using the neighbour-joining algorithm in MEGA software indicated the nearest relatives of strain WDC04 T were Lactobacillus hokkaidonensis DSM 26202 T (NR_114335.1), Lactobacillus suebicus strain CCUG 32233 T (NR_114790.2) and Lactobacillus vaccinostercus DSM 20634 T (NR_114978.1) (Fig. 2) . Based on the 16S rRNA gene sequence, carbohydrate profiling and whole genome sequencing, WDC04
T represents a novel species of the genus Lactobacillus (Fig. 1) . Most of the closely related species have been isolated from timothy grass silage, fruit mashes, compost, soil and cow dung (Partanen et al., 2010; Kleynmans et al., 1989; Tohno et al., 2013; Koort et al., 2005) , which could explain how strain WDC04
T initially became a contaminant in milk and, eventually, a NSLAB in cheese.
The draft genome sequence of strain WDC04
T includes 105 contigs covering 1.9 megabases with a G+C content of 39.8 mol%. Analysis of the genome data shows that strain WDC04
T contains 1890 predicted coding sequences (CDSs) (Table S1, available in the online Supplementary Material). Compared to other species of the genus Lactobacillus generally, strain WDC04
T has fewer genes involved with carbohydrate metabolism (Claesson et al., 2007) . The bacterium lacks genes for phosphofructokinase and fructose disphosphate aldolase, key enzymes in the Embden-Meyerhof-Parnas pathway. However, the genome codes for glucose-6-phosphate 1-dehydrogenase and other enzymes for the pentose phosphate pathway, which confirms strain WDC04
T is an obligately heterofermentative Lactobacillus. Additionally, no orthologue to fructose-1,6 bisphosphatase was detected, which implies a strict dependency on exogenous carbohydrates for essential anabolic precursors. Strain WDC04
T also contains the genes for D-ribose metabolism and glycerol utilization indicating these compounds could serve as carbon sources for growth and metabolism. The presence of the pentose phosphate pathway also provides a mechanism for gas production, since the conversion of 6-phosphogluconate by 6-phosphogluconate dehydrogenase produces ribulose-5-P and CO 2 . Hexose sugars such as galactose and N-acetylglucosamine go to glucose-6-P and are then converted to 6-phosphogluconate prior to the gas-producing step. Further, the presence of N-acetylglucosaminedegrading genes support the hypothesis that in ageing cheese, this organism might utilize peptidoglycan residues from starter culture debris for energy production. Together, the genome data supports the experimental data, which demonstrate that strain WDC04
T is a obligately heterofermentative NSLAB that can survive in the relatively harsh environment of aged cheese and contribute to late-gas production. Further genome analysis indicates other metabolic pathways including glycerol and glycerol-3-phosphate uptake and utilization, glycerate metabolism, glycolate, glyoxylate interconversions, N-acetylglucosamine utilization, galactose uptake and utilization, a-acetolactate operon, acetoin, and butanediol metabolism (Table S2 ).
The primary reason for creation of a novel species for strain WDC04 T was the high degree of sequence divergence of the 16S rRNA gene in comparison with corresponding sequences from different species of the genus Lactobacillus; strain WDC04
T has only 97 % 16S rRNA gene sequence similarity to its nearest neighbours, Lactobacillus hokkaidonensis, Lactobacillus suebicus and Lactobacillus vaccinostercus. In addition, physiological differences were found in comparison with previously described and closely related (sequenced) species of the genus Lactobacillus. On the basis of these results, strain WDC04
T represents a novel species of the genus Lactobacillus, for which the name Lactobacillus wasatchensis sp. nov. is proposed.
Description of Lactobacillus wasatchensis sp. nov.
Lactobacillus wasatchensis (wa.satch.en9sis. N.L. masc. adj. wasatchensis of or belonging to the Wasatch mountains of Northern Utah, from where the type strain was isolated).
Cells are Gram-stain-positive, catalase-negative, non-motile rods (0.8-1.2 mm in width and 1.5-3.0 mm in length), occurring singly and in pairs, and do not form spores. Fermentative, facultatively anaerobic and chemo-organotrophic, requiring rich media for growth to occur. Good growth occurs on MRS agar supplemented with 1.5 % ribose at 20-25 uC incubated anaerobically. The temperature range for growth is 6-30 uC with very limited growth up to 37 uC; the optimum temperature for growth is 23-25 uC. Growth occurs at pH 4.0-7.0 and in the presence of 5 % NaCl. Strictly heterofermentative, aerotolerant and acidophilic, the type strain produces acid from ribose and, weakly, from galactose, although not rapidly enough to produce a positive response for galactose in the API 50 CH panel. After incubation for 72 h on MRS agar plates at 25 uC, colonies appear small (0.5-1.0 mm in diameter), circular, smooth, convex and white. In the API 50 CH panel, acid is produced only from ribose after 48 h at 30 uC; all other substrates are negative including lactose, glucose, fructose, galactose and N-acetylglucosamine although genomic data suggests some of these sugars may be used in the native environment. Positive for leucine arylamidase, valine arylamidase, cysteine arylamidase (weakly), naphthol-AS-BI-phosphohydrolase and b-galactosidase activities in the API ZYM panel. Fatty acid analysis indicates the major fatty acids are comprised of one saturated fatty acid (C 16 : 0 ) and two unsaturated fatty acids (C 18 : 1 v9c and C 19 : 1 v7c/C 19 : 1 v6c). Produces a racemic mixture with a 5 : 1 ratio of L(+) to D(2) lactic acid.
